ABSTRACT: The influence of grazing, sedimentation and phytoplankton cell lysis on the dynamics of a coastal pelagic ecosystem in the Southern Bight of the North Sea was studied during spring/summer 1992. Diatoms in the > 8 pm size fraction dominated during early spring, due to size-differential control by microzooplankton. This diatom spring bloom became silicate depleted and declined by sedimentation. A Phaeocystis bloom developed in early summer. Phytoplankton cell lysis was the major loss factor for Phaeocystjs, accounting for 75% of the decline of the bloom. Bacterial production was positively correlated with phytoplankton cell lysis, and bacterial carbon demand could be supplied by cell lysis. This illustrates the importance of phytoplankton cell lysis in providing energy for the microbial loop. A new method (nicotine addit~on technique) was used to estimate mesozooplankton grazing on microzooplankton. h4esozooplankton appeared to prefer microzooplankton as a food source, though there occasionally was substantial grazing on phytoplankton. We conclude that grazing and sedimentation, as well as call lysis, are structuring mechanisms for algal bloom dynamics.
INTRODUCTION
Due to tidal and wind-induced turbulence and eutrophication, the Southern Bight is a well mixed, nutrient-rich part of the North Sea, characterized by strong seasonality in plankton productivity (Gieskes & Kraay 1977 , Cadee 1992 . In spring a diatom bloom develops, which is generally followed by a bloom of the colony-forming prymnesiophycean Phaeocystis (Lancelot et al. 1991 , Cadee 1992 . In summer a succession of different diatom species forms 1 or 2 other peaks in phytoplankton biomass (Cadee 1986) .
Algal bloom dynamics are determined by gain and loss factors. Since phytoplankton blooms convert large amounts of inorganic carbon and nutrients into organic biomass, insight into the processes underlying the decline of a phytoplankton bloom is of great importance for a better understanding of the ecosystem. Three main factors crucial for the dynamics of such ecosystems are grazing, sedimentation and phytoplankton cell lysis.
Micro-and mesozooplankton grazing may control the development and succession of phytoplankton directly by depressing phytoplankton standing stock or indirectly by mesozooplankton grazing on microzooplankton. Herbivorous metazoan grazing is not thought to be important in the termination of the diatom spring bloom because of the slow numerical response of mesozooplankton (Klein Breteler et al. 1982) . The impact of metazoan grazing on Phaeocystis is not clear. Several studies showed significant grazing of the copepod genus Calanus on Phaeocystis (Tande & BAmstedt 1987 , Hansen et al. 1990 ), whereas others reported low grazing pressure on Phaeocystis by Calanus and other copepod genera (Hansen & van Boekel 1991 , Bautista et al. 1992 . Estep et al. (1990) related grazing on Phaeocystis colonies by copepods to the physiological condition of the colonies. Grazing losses of Phaeocystis cells caused by microzooplankton can be substantial (Admiraal & Venekamp 1986 , Weisse & Scheffel-Moser 1990 . Copepods may indirectly favour Phaeocystis blooming by feeding on microzooplankton .
Sedimentation can play a crucial role in the dynamics of phytoplankton. High vertical fluxes have been found during diatom blooms (Smetacek 1985 , Riebesell 1991 , resulting in the removal of a substantial amount of nitrogen and phosphorus compounds from the euphotic zone. Sedimentation following Phaeocysfis blooms can be high (Wassmann et al. 1990) or low (Wassmann 1994) , depending on the physical characteristics of the specific ecosystem. In a turbulent coastal zone resuspension due to tidal currents is important, but the high concentration of suspended matter in the Southern Bight (Eisma & Kalf 1987 ) may enhance particle aggregation (Riebesell 1991) .
Reports on lysis of algal cells are few (Reynolds et al. 1982 , van Boekel et al. 1992 but they show that cell lysis can be substantial at the end of a bloom. Phytoplankton cell lysis results in the release of the cell contents and therefore in an increase of nutrient-rich dissolved organic components in the watercolumn. This will enhance bacterial productivity (Laanbroek et al. 1985) and consequently the grazing on bacteria by heterotrophic nailofidyellates (Sherr et al. 1986 , Weisse 1990 . Grazing on heterotrophic nanoflagellates by ciliates (Sheldon et al. 1986 , Pierce & Turner 1992 ) and on microzooplankton by mesozooplankton (Wiadnyana Pc Rassoulzadcgan 1989 , Giiford & Dagg 1991 , Turner & Graneli 1992 will link the microbial food web with the conventional planktonic food web.
Our study focused on plankton loss factors in relation to the structure of a pelagic coastal zone food web in the Southern Bight of the North Sea; special emphasised is the blooming of Phaeocystis. An intensive sampling program was carried out during spring and summer 1992 in the Marsdiep area, south of the island Texel, The Netherlands. Two phytoplankton loss factors, autolysis and grazing, were measured, whereas the importance of sedimentation was deduced from the data. Grazing on microzooplankton was quantified by a new method.
MATERIAL AND METHODS
Investigation area and sampling. From mid-January to the end of September 1992, surface samples were taken during high tide at the NIOZ (Netherlands Institute for Sea Research) pier in the Marsdiep tidal inlet south of the island Texel, The Netherlands. The sampling location is a turbulent mixed tidal channel; consequently 1 depth was regarded as representative for the whole water column. We omitted data for 4 d from the data set, because on these days salinities were considered too Iow. Based on salinity data, we assumed that for all other days we sampled the same water mass.
Water analyses. Dissolved nutrients (orthophosphate, reactive silicate, ammonium-nitrogen, nitratenitrogen and nitrite-nitrogen) were determined on a TrAAcs 800 autoanalyzer (Technicon) . Concentration of inorganic phosphate was determined according to Mangelsdorf (1972) , concentration of ammonium according to Helder & de Vries (1979) and the concentration of silicate according to Thomsen et al. (1983) . For the determination of nitrate and nitrite, a procedure reducing nitrate to nitrite was used (see Technicon Industrial Method no. 818-87T; Technicon 1987) . Samples for inorganic phosphate, ammonium, nitrate and nitrite were stored before analyses at -50°C and samples for silicate were stored in the dark at 4°C. All samples were measured within 1 mo after collection.
Phytoplankton. Phytoplankton samples were fixed with buffered Lugol's solution. Phytoplankton cell numbers and species composition were determined, after concentration by sehmentation according to Utermohl (1958) , using a Zeiss inverted microscope. Phaeocystis colonies were collected by filtration over a 50 ym mesh sieve and counted immediately aftcr fixation.
Chlorophyll a (chl a) concentrations were used as an index of phytoplankton biomass. Samples for total chl a analysis were obtained by gentle filtration of water samples over a Whatman GF/F filter. Chl. a, in differer.: particle size fractions, was determined on 3 pm and 8 pm polycarbonate membrane filters (Poretics) according to Riegman et al. (1993) . Filters were stored at -50°C until analysis. The filters were destructed in 90 % acetone with a homogenizer (Braun Melsungen) and chl a was analyzed fluorimetrically (Hitachi F-2000) according to Holm-Hansen et al. (1965) .
In order to compare phytoplankton biomass with zooplankton and bacterial biomass, chl a was converted into carbon using a conversion factor of 20 (average of factors reported by Kraay 1977, and Ki~rboe et al. 1990 ). Phaeocystis cell numbers were converted to carbon using the conversion factor 12.15 pg C per flagellate cell (average of factors given by Lancelot et al. 1991 ) and 14.2 pg C per colonial cell (Rousseau et al. 1990) .
Autolysis of phytoplankton. Specific daily phytoplankton autolysis rates (expressed as % particulate algal esterase activity released per day) were estimated according to a slightly modified method described by van Boekel et al. (1992) . Dissolved esterase activity was measured in triplicate. The external standard (calibration curve) showed that the response factor was independent of the concentration in the range of 0 to 600 nM fluorescein. The concentrations measured in the field never exceeded this range. A standard addition of fluorescein (Sigma) was used to quantify the influence of the matrix on the fluorescence slgnal for each individual sample.
We used a mean particulate esterase actlvity per chl a ratio of 5 nmol fluorescein (yg chl a)-' h -' for estimation of particulate phytoplankton esterase activity in the field samples. From batch cultures of 13 algal species in different growth phases (Phaeocystis, Skeletonema costatum, Micrornonas pusilla, Tetraselmis sp., Chaetoceros socialis, Ditylum brightwellii, Isochrysis galbana, Thalassiosira rotula, Laudei-ia borealis, Synechococcus sp., Rhodomonas sp., Thalassiosira weissflogii, Emiliana huxleyi), 10 m1 culture was sonificated for 20 s (2 X 10 S , on ice) and esterase activity (EA) was determined fluorimetrically. The EA/chl a ratio fluctuated considerably depending on species and growth phase. Stationarily growing cultures gave higher values than exponentially growing cultures. Phaeocystis matched the mean ratio of 5 nmol fluorescein (pg chl a)-' h-'. The number of bacteria in the algal cultures was always very low. The mean EA/chl a ratio from axenic D. brightwellii cultures was comparable with the mean ratio from non-axenic D, brightwellii cultures, indicating an insignificant influence of the bacteria.
Bacterial biomass and production. Bacteria were collected on 0.2 pm polycarbonate membrane filters (Poretics) and counted by the acridine orange direct count method (Hobbie et al. 1977) . Cell numbers were converted into biomass considering the mean size of at least 100 randomly distributed cells (see procedure in van Duyl et al. 1990 ), using a factor of 0.22 X 10-l2 g C pm-3 biovolume (Bratbak & Dundas 1984) .
Bacterial production was determined as 3H-leucine Zooplankton biomass and grazing. Nanoflagellates (<20 pm) were fixed with glutaraldehyde (1% final concentration). After gentle filtration (~0 . 0 3 bar) of a 4 cc water sample over 0.2 pm Nuclepore filters (prestained in Sudan Black), the filters were stained with proflavine and mounted on slides (for exact procedures see van Duyl et al. 1990 ). Counting and sizing were done with epifluorescence microscopy. Conversion into biomass was based on a factor of 0.20 X 10-l2 g C pm-3 biovolume, which is an intermediate of values determined by Fenchel (1982) and Berrsheim & Bratbak (1987) .
Microzooplankton (tintinnlds and naked ciliates) were counted in 20 m1 samples fixed with Lugol's solution (2.5 % final concentration) with an inverted microscope using Utermohl's (1958) sedimentation technique. For both tintinnids and naked ciliates, biovolume was calculated from numbers per size category (<20, 20 to 60, 60 to 100 and >l00 pm) and converted into biomass using a conversion factor of 0.19 X 10-l2 g C pm-3 biovolume (Putt & Stoecker 1989) .
Mesozooplankton and the remainder of the microzooplankton were sampled by filtering 10 l of seawater over a 50 pm mesh sieve and fixed with an equal volume of 4 % formalin. Copepods were identified to the species level, the other organisms to the class or genus level. Countings were done under a binocular dissecting microscope. Abundance was converted into biomass according to Nassogne (19721, Fransz & van Arkel (1980) and Klein Breteler et al. (1982) .
The heterotrophic dinoflagellate Noctiluca miliaris was counted together with mesozooplankton because of its large body size (200 to 600 pm), and the counts were converted to biomass using a factor of 0.2 vg C ind.-' (Uhlig & Sahling 1990).
Growth and grazing rates of phytoplankton were estimated with the dilution method of Landry & Hassett (1982) using total chl a as the measure of phytoplankton standing stock. Natural seawater samples were diluted with 0, 50, 80 and 90 % GF/F filtered seawater in 2.3 l glass bottles. Bottles were incubated on a slowly rotating wheel under an in situ light and temperature regime. No nutrients were added to the dilution treatments, because this may result in substantial losses of oligotrich ciliates (Landry & Hassett 1982 , Gifford 1988 and because the growth coefficients may be artificially elevated and not representative of true in situ growth rates (Landry & Hassett 1982) . Samples were not screened to remove mesozooplankton, because this would have resulted in substantial losses of fragile zooplankton species and in substantial losses of Phaeocystis when present.
To estimate rates of ciliate mortality due to mesozooplankton grazing, we added nicotine (CI0Hl4N2, Sigma; 6.2 nM final concentration) to undiluted natural seawater samples (2.3 l glass bottles). Nicotine is a n alkaloid from the tobacco plant Nicotiana tabacum and can be used to paralyze the nervous system. As representatives of the mesozooplankton, 3 copepod species (adults, copepodites and nauplii of Temora longicol-nis, Pseudocalanus elongatus and Acartia clausi) were tested. After nicotine was added, the animals became paralyzed or died and stopped grazing on phytoplankton (Dunaliella sp., Micromonas sp., and ciliates (Oxyrrhis marina). In the bottles with no nicotine added, grazing by copepods was significant: compared with samples without copepods, ca 20% of the food standing stock at t = 24 h was grazed in 1 d. The rotifer Brachionus plicatilis also stopped grazing on Rhodomonas sp. when nicotine was added. Nicotine at final concentration had no negative effect on the growth of phytoplankton compared to that in control cultures (10 species tested: Phaeocystis, Lauderia borealis, Isochrysis galbana, Ditylum brightwellii, Dunaliella sp., Emiliania huxleyi, Thalassiosira rotula, Tetraselmis sp., Chaetoceros socialis, Rhodomonas sp.). As expected, neither ciliates (Diophrys sp., Euplotes mutagens, Uronema marinum, Ancistrumina sp.) nor heterotrophic dinoflagellates (Oxyrrhis marina and Noctiluca sp.) were influenced by nicotine at this final concentration.
The nicotine-containing bottles, together with a control bottle (undiluted seacvater without nicotine), were incubated on a slowly turning wheel (2 rpm) under an in situ photon flux density, light-dark cycle and temperature. Duplicate samples from each bottle were taken at the start and the end ( t = 24 h) of each experiment. Micro-and mesozooplankton were enumerated and both growth rate and grazing rate were calculated according to Frost (1972) .
RESULTS

Phytoplankton dynamics
Total chl a showed 3 major peaks with values around 50 1-19 cN a l-' (Fig. 1A) . The spring peak (Days 75 to 110) consisted mainly of diatoms ( Fig. 2A , dominated by chaics of Skeletonema costaturrl and Thalassiosira spp.). This is also reflected in the > 8 pm chl a size fraction (Fig. 1B) . Phaeocystis cell number showed 2 minor peaks, on Days 92 and 104, with abundances of 1.4 X 107 and 3.4 X l O7 1-I (Fig. 2B) . PLhacocystis colonies were oniy found in low numbers (up to 1350 1-' on Day 104). The During the development of the spring diatom bloom all macronutrients except nitrate dropped sharply (Fig. 3) . Silicate concentration decreased to 0.25 pM on Day 88 and stayed low during summer except for 2 small peaks (Days 104 and E ? ) , when Phaeocystis dominated the phytopIankton. Inorganic phosphate concentration reached lowest levels (<0.5 pM) from Day 121 until Day 156. Ammonium never reached concentrations below 1 pM and fluctuated strongly. Nitrate concentration dropped steeply after Day 140 and reached lowest levels on Day 154 (0.2 PM). During summer it stayed at low concentrations (around 1 pM).
Phytoplankton cell lysis rate (daily released EA expressed as % of the particulate algal EA) was highest on Day 154 (43% d-'; Fig. 2C ), closely following the peak in Phaeocystis celi number. The high lysis rates found on Days 145 and 146 were the result of very low particulate EA, which becomes evident when cell lysis is expressed as pg cellular C released 1-' d-' (Fig. 4) . Until Day 90 both bacterioplankton and heterotrophic nanoflagellate (HNF) biomass stayed relatively constant at low levels (<l00 pg C 1-l; Fig. 6A) . A rapid increase in bactenoplankton biomass, closely followed by an increase in HNF biomass, occurred after Day 90. Bactenoplankton showed a major peak on Day 142 (370 pg C 1-l). HNF biomass peaked twice, first on Day 104 (275 pg C 1-') and again on Day 156 (325 pg C 1-l). Bacterial production (Fig. 4) blomass, rnax. 0.21 d-l) coincided with bacterial production and both closely followed the peak in lysis rate. day of the year Micro-and mesozooplankton dynamics specific r n~c r o z~o~l a n k t o n net growth rate and specific microzooplankton mortality rates due to grazlng by mesozoo- 
DISCUSSION
Diatom spring bloom
The increased grazing of microzooplankton on small phytoplankton during late winter -early spring combined with the rapid numerical response of the microzooplankton (Banse 1982 , Verity 1985 , Burkill et al. 1987 ) resulted in size-differential grazing control, which is described in more detail by Riegman et al. (1993) . The larger phytoplankton species (>8 pm chl a -Mesozooplankton (pg C I-' ) day of the year size fraction, mainly diatoms) escaped microzooplankton grazing and gave rise to the diatom spring bloom. Microzooplankton grazing balancing the growth of the nanophytoplankton size fraction during early spring has also been reported for Chesapeake Bay (USA) by McManus & Ederington-Cantrell(1992).
Assuming a 30% growth efficiency for microzooplankton (Rassoulzadegan 1982 , Rivier et al. 1985 , Verity 1985 , Riegman et al. 1993 , the net increase in microzooplankton biomass could be explained by herbivorous grazing. Assuming also a growth efficiency of 30% for mesozooplankton (Sheldon et al. 1986 ), mesozooplankton grazing on microzooplankton (0.27 d-l) was sufficient to explain the net increase in mesozooplankton biomass. Copepods prefer microzooplankton to phytoplankton (Wiadnyana & Rassoulzadegan 1989 , Stoecker & Capuzzo 1990 ) and egg production of copepods feeding on ciliates is significantly higher than that of copepods feeding on phytoplankton (Stoecker & Egloff 1987 , White & Roman 1992 . The low grazing pressure on phytoplankton at the end of the spring bloom furthermore suggests that mesozooplankton grazing was not important for the decline of the diatom spring bloom. The low grazing impact on phytoplankton ( < 5 % of phytoplankton standing stock) by copepods during diatom spring blooms in the Southern Bight of the North Sea (Fransz & Gieskes 1984 , Nielsen & Richardson 1989 ) is thought to be due to the small size of the overwintering population of neritic copepods and to their low numerical response at the relatively low temperature present during spring (Klein Breteler et al. 1982) .
Unfortunately, phytoplankton cell lysis was not measured during the diatom spring bloom. However, van Boekel et al. (1992) found no increase in lysis rate at the end of the diatom spring bloom. Also, bacterial production showed only a slight increase, indicating the minor importance of cell lysis (present study). Therefore, it is unlikely that autolysis of diatom cells was responsible for the decline of the spring bloom. Sedimentation must be the loss factor inducing the decline of the diatom bloom. High sedimentation of diatoms during spring blooms has been reported by Smetacek (1985) and Peinert et al. (1982) . In general, diatom sinking rates increase dramatically upon nutrient depletion (Bienfang 1981 , Riebesell 1989 . During our study the diatom bloom, dominated by Skeletonema costatum, became silicate depleted. Riebesell (1989) found enhanced sinking of ungrazed Skeletonema costatum and Thalassiosira spp, cells during the diatom spring bloom. These high sinking rates (max. 4 m d-l) resulted from the formation of highly species-specific aggregates (Passow 1991 , Riebesell 1991 , enhancing sedimentation (Kranck & Milligan 1988 ) and leading to a rapid disappearance of the diatorn popu!ation. Assilrning daiiy losses of 5 O/b due to cell lysis and assuming no growth of diatoms after the peak in cell number (Day 92), daily sedimentation losses varied between 4 and 15% of diatom standing stock per day. This is low compared to valaes (up to 50% d-l) reported by Riebesell (1989) and Passow (1991) . In their studies the mixing of the water column was considerably reduced, probably resulting in enhanced sedimentation of the diatom population. In any case, the removal of organic matter from the water column to the sediment will have inhibited the development of the pelagic microbial food chain.
Transition period
Reduced grazing on phytoplankton at the end of the spring bloom resulted in an increased biomass of the < 8 pm phytoplankton size fraction. Phaeocystis cells also increased in number, but this did not result in the bloom of Phaeocysfisnormally occurring at this time of the year (Cadee & Hegeman 1986 , van Boekel et al. 1992 . Relatively low temperatures (6 to 8°C) during this period may have led to low Phaeocystis growth rates (Kayser 1970 , Grimm & Weisse 1985 . Peperzak (1993) observed no Phaeocystis colony formation below a mean watercolumn daily irradiance of 100 Wh m-2 d -' (threshold value). We calculated mean water-column photosynthetically active radiation according to Peperzak (1993) , assuming a mean depth of 18 m for the wellmixed coastal area under study. Because light attenuation coefficients are fairly variable, we used coefficients varying between 0.35 and 1 d -' (from Veldhuis et al. 1986 , Lancelot & Mathot 1987 , Peperzak 1993 . Until for the decline in Phaeocystis cells. Despite increased microzooplankton grazing on phytoplankton and HNF, microzooplankton biomass was reduced by mesozooplankton grazing (at a rate of ca 0.27 d-l, corresponding to 6 0 1 0 0 pg C 1-' d-'). Since from Days 106 to 119 zooplankton grazing on phytoplankton decreased to zero and gross growth of microzooplankton remained high (max. 0.57 d-l), it appears that the relative importance of HNF as a food source for microzooplankton increased. Pierce & Turner (1992) reported in a review that marine planktonic ciliates are selective grazers which can discriminate not only prey sizes, but also the nutritional qualities of the prey. HNF biomass declined after Day 107, and consequently bacteria escaped grazing by HNF, resulting in an increase of bacterial biomass. HNF grazing rates during this period were relatively low (Bak unpubl. data).
The low growth rate of microzooplankton and the relatively low microzooplankton biomass on Day 135 forced the mesozooplankton to switch their diet from microzooplankton to phytoplankton. Since copepods are able to capture and handle food particles actively using sensory inputs for detection, capture and ingestion (Paffenhofer 1982) , they can actually switch from one food source to another. Assuming a mesozooplankton growth efficiency of 3 0 % , the observed increase in mesozooplankton could easily be supported by the phytoplankton losses due to grazing (0.61 d-', corresponding to 214 pg C 1-' d-l). At that time, diatoms (dominated by Chaetoceros spp., Leptocylindrus spp. and Rhizosolenia spp.) constituted more than 80 % of the phytoplankton stock. Grazing and cell lysis could account for all of the phytoplankton losses (mainly from the >8 pm size fraction), so sedimentation apparently was of no importance. Riebesell (1989) also found that sedimentation was not a significant loss factor for Chaetoceros spp. and Leptocylindrus minimus. Our data suggest that diatoms could not compensate for their losses due to silicate depletion. Because of the lowered phytoplankton biomass and increased microzooplankton biomass after Day 135, mesozooplankton switched back to grazing on microzooplankton.
Based on the grazing losses of microzooplankton and phytoplankton between Day 128 and 150, an increase in mesozooplankton biomass of at least 800 pg C 1-L was estimated (assuming 30 ?/A growth efficiency). However, an increase of only 100 pg C 1-' was observed. This implies that most of the mesozooplankton was grazed down, probably by other mesoplanktonic species, through cannibalism (Daan 1989) or by macroplanktonic predators (Turner et al. 1983 , Kuipers et al. 1990 . Nochluca m.halis increased sharply around this time. Although heterotrophic dinoflagellates are capable of grazing on prey their own size (Schaurnann et al. 1988 , Hansen 1992 and N. nuliaris is known to be polyphagous without any food preference (Uhlig & Sahling 1990), N. miliaris is not thought to be an important predator of mesozooplankton during this period of high N. miliaris biomass. High abundance of N. miliaris in the upper water column is thought to be the result of aging cells (Schaumann et al. 1988) , which are generally inactive or starving (Uhlig & Sahling 1990). Physical conditions (e.g. wind) may aid in generating a N. rmlianspatch. In this study, many empty cells were observed microscopically, indicating a poor condition of N. nuliaris The highest grazing on mesozooplankton by N. miliaris must have occurred slightly before the mass appearance of N. miliaris in the surface water when the organism was still in good condition (Schaumann et al. 1988) .
The Phaeocystis bloom A period of 2 wk (Days 134 to 150) with continuously high mean water-column daily irradiance must have enhanced the formation of Phaeocystis colonies (Peperzak 1993) . For Days 140 to 155, gross growth rates of 0.5 to 0.6 d-' were calculated for Phaeocystis cells. Since the phosphate concentration during the start of the bloom was rather low (0.2 to 0.6 PM), this situation is in good agreement with that found for Phaeocystis growth rates by Veldhuis & Admiraal (1987; 0.4 to 0.5 d-l) and van Boekel (1992; 0. 3 to 0.6 d-') under conditions of low phosphate concentration and sufficient nitrate. Riegman et al. (1992) showed that the formation of Phaeocystis colonies is stimulated by nitrate. Our data suggest that the Phaeocystis bloom became limited due to nitrate depletion. The subsequent increase in Phaeocystis cell lysis after nitrate depletion has also been observed by van Boekel et al. (1992) . Increased lysis rates during the blooming of Phaeocystis were preceded by an increased number of nearly empty colonies ('ghost colonies').
The method used for measuring autolysis assumes that release of esterase in the water was exclusively attributable to phytoplankton. Zooplankton sloppy feeding as a potential source of esterase release was negligible, because during periods with high grazing on phytoplankton (e.g. Days 134 and 182) and on zooplankton (e.g. Days 141 and 168) there was no increase in released esterase. Since declining bacterial and zooplankton biomass did not result in enhanced release of esterase, autolysis of these organisms also seems to have been negligible. Due to the high biomass of Phaeocystis and increased cell lysis rates, daily phytoplankton losses due to autolysis were high during and especially at the end of the Phaeocystis bloom. Bacteria responded to the release of nutrient-rich organic cell components by increasing their daily production. We assumed a bacterial carbon conversion efficiency of 0.35, which is an intermediate of values reported for phytoplankton cell debris and lysis products (Biddanda 1988 , van Wambeke 1994 . Thus, the released phytoplankton cellular carbon accounted for 43% of the bacterial carbon demand during the Phaeocystis bloom (integrated over Days 145 to 168). However, cellular C:chl a ratios of 29 (Lancelot et al. 1991) and 27 (Davies et al. 1992 ) have been reported for Phaeocystis, slightly higher than the ratio used in this study. With a C:chl a ratio of 29, Phaeocystis cell lysis could account for 74 % of the bacterial carbon demand. The carbon release due to cell lysis did not include carbon from the mucous matrix around Phaeocystis cells (colonies). To include carbon from the colonial matrix we used a C:chl a ratio of 70 (Baumann et al. 1994 ) and assumed a total of 50 to 75 % carbon in Phaeocystis debris utilized by bacteria. The recalculated carbon release constituted 83 to 125 % of the carbon needed for bacterial production. Phytoplankton cell lysis appeared to be an important source of organic carbon for the microbial food web. We estimated that 48% of gross phytoplankton production (derived from phytoplankton gross growth rate and phytoplankton standing stock) was channeled to bacteria during the Phaeocystis bloom. This is in good agreement with values measured in the Belgian coastal pelagic (Joiris et al. 1982 , Lancelot & Billen 1984 . The correlation between autolysis and bacterial production was especially good for nitrogen. Assuming a C:N ratio of 6 and 4 for Phaeocystis cells (Lancelot et al. 1986 , Baumann et al. 1994 ) and bacteria (Fukami et al. 1981) respectively, the bactenal nitrogen demand could be satisfied by Phaeocystis cell lysis. However, Phaeocystis cell lysis could only account for 53 % of the total bacterial phosphorus demand due to the relatively low C:P ratio for bacteria (assuming C:P ratios of 106 and 40 for Phaeocystis cells and bacteria respectively).
The Phaeocjfstis bloom declined at a daily mortality rate of ca 0.15 d-' (Days 153 to 168), in good agreement with the rates reported by Lancelot & Mathot (1987) . Assuming no growth of Phaeocystis after the peak in cell number, cell lysis accounted for 75% of this decline. Grazing could account for the other 25 %, so sedimentation seemed of no or only minor importance for the decline. This supports the idea that mineralization of Phaeocystis in turbulent coastal ecosystems tends to be pelagic rather than benthic (Wassmann 1994) .
F~eld studies in the southern North Sea report Phaeocystis to be an inadequate food source for the copepods Temora longicornis (Hansen & van Boekel 1991 ) , Calanus helgolandicus, Pseudocalanus elongatus and Oithona sp. (Bautista et al. 1992) . showed that in the presence of protozoa, T. longicornis did not feed on Phaeocystis but selected protozoans. Consequently the grazing impact on Phaeocystis must be due to microzooplankton (cilia t e~) , which are known to graze substantially on single Phaeocystis cells (Admiraal & Venekamp 1986 , Weisse & Scheffel-Moser 1990 . Microzooplankton growth at 30% growth efficiency cannot be explained by grazing on phytoplankton only (max. 0.1 d-l). Rassoulzadegan (1982) showed that growth efficiency of the ciliate LohmannieLla spiralis was temperature dependent; however, even at a growth efficiency of 45% (corresponding to the average temperaiure of 17°C during the Phaeocystis bloom) microzooplankton growth cannot be explained by grazing on phytoplankton only. Thus, it is likely that microzooplankton also grazed on the increasing HNF pop~lation. Severe grazing on bacteria resulted in a sharp increase in HNF biomass and a decline in bacterial biomass. However, grazing on bacteria was not enough to explain the increase in HNF biomass. Picoautotrophs were found to decrease in biomass durlng this period, likely due to grazing by HNF (Caron et al. 1991 , Kuosa 1991 . For the Dogger Bank area (southern North Sea), Nielsen et al. (1993) calculated that the HNF carbon demand could only be satisfied when including grazing on picoplankion.
Mesozooplankton grazing impact on microzooplankton was high (0.25 to 0.56 d-') during the Phaeocystis bloom. Assuming a growth efficiency of 30% for mesozooplankton, the grazing losses of microzooplankton (55 to 114 pg C 1-' d-') would potentially result in a daily increase of mesozooplankton biomass of at least 18 pg C 1-l. However, mesozooplankton biomass increased less than that (ca 5 yg C 1-l d-l), suggesting that grazing on mesozooplankton was important. From Day 165, medusae were observed in the water column. Turner et al. (1983) and BZimstedt (1990) suggested that predation by gelatinous carnivores (ctenophores and medusae) on copepods is substantial.
Summer
Microzooplankton biomass attained high levels at the end of the Phaeocystis bloom due to the increased importance of the microbial food web. The high impact of grazing on microzooplankton by mesozooplankton linked the microbial food web with the conventional planktonic food web. Throughout summer, mesozooplankton development was strongly related to microzooplankton population dynamics. Our data suggest that, during summer, mlcrozooplankton grazed on both small phytoplankton and HNF.
Silicate and nitrate concentrations were low during summer, preventing the blooming of diatoms and Phaeocystis. Consequently total phytoplankton biomass was relatively low, with only small variations. Community productivity was based on ammonium utilization, resulting in an increased fraction of phytoplankton biomass due to cells < 8 pm.
CONCLUSIONS
Grazing, sedimentation and phytoplankton cell lysis alternated as deciding factors in the structure of the pelagic food web in the Marsdiep arza dxiing spring and summer 1992. Due to size-selective grazing by microzooplankton, and low early spring mesozooplankton abundance, large algae ( > 8 pm diameter) escaped grazing and increased in biomass. Scdimentation caused the silicate-depleted diatom spring bloom to decline, removing nutrient-rich organic matter from the water column.
The development of mesozooplankton was facilitated through grazing on microzooplankton. The influence of mesozooplankton on the succession of phytoplankton, therefore, was mainly indirect. Only occasionally was it observed to directly control phytoplankton development. Net increase in mesozooplankton biomass was often less than that estimated from grazing rates, suggesting that grazing on mesozooplankton occurred.
Grazing on Phaeocystis accounted for 25% of the decline of the Phaeocystis bloom, and phytoplankton cell lysis for the other 75%. Phytoplankton cell lysis appeared to be the third major loss factor determining algal bloom dynamics. It was an important source of organic carbon for the microbial loop.
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